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Skin is an efficient protective barrier armed with an intricate network of antioxidants. External environmental stress diminishes and sometimes overwhelms these innate protective mechanisms; aging slows their efficacy. Topical antioxidants enhance natural endogenous defenses to create an indwelling reservoir for sustained protection with far higher concentrations than possible with oral intake. The challenge is creating formulations of these labile molecules that are stable, active, and can be effectively absorbed transdermally to deliver high concentrations.
THE NEED FOR ANTIOXIDANT PROTECTION
Exposure to solar UV is the major cause of photoaging and skin cancer, so sunscreen application is essential. However, sunscreens have limitations. Not all protect from both long UVA and short UVB waves and are waterproof. To attain the labeled sun protection factor (SPF), 2 mg/cm 2 (for the bathing suit clad body, this equals 1½ bottles (4 oz)) must be applied every 90 minutes! We only apply about 0.5 mg/cm 2 , achieving SPF = 2.3 from SPF labeled 30. Sunscreens protect against only 55% of UV-induced free radical damage and not at all against pollutants.
Environmental pollutants significantly increase extrinsic aging and skin cancers. 1 Over 80% of Americans who live in cities were exposed to outdoor volatile polycyclic aromatic hydrocarbons (PAHs) from factories and traffic and indoor pollution (tobacco smoke, candles, firewood, and cooking with unclean fuels). Neither UVA nor PAHs alone are tumorigenic, but exposure to both simultaneously gives synergistic damage by formation of reactive oxygen species and adducts to DNA leading to skin cancer. In addition, ozone and particulate matter exacerbate extrinsic aging of the skin.
Thus, topical antioxidants are essential to combat UV and pollution. Application only once/day of a correct formulation creates a reservoir in the skin that protects, even if swimming or perspiring. Especially because exposure to sunlight and PAHs and ozone pollutants rapidly depletes antioxidants from the skin's surface, this reservoir is of utmost importance.
DIFFICULTIES IN FORMULATING EFFECTIVE TOPICAL ANTIOXIDANTS
The main advantage of topical application of antioxidants is that far higher cutaneous concentrations can be attained than even with maximal oral intake: Cutaneous concentrations of vitamin C (10-15% formulation) can increase by a factor of 27-40, vitamin E (2-5% formulation), 12-fold, and l-selenomethionine (SeMet, 0.02-0.05% formulation), eightfold. These high concentration formulations give optimal protection against UV damage.
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Antioxidants are labile molecules: Maintaining activity and attaining percutaneous absorption is a challenge. To function as an antioxidant, vitamins C and E must be nonesterified. Esterified derivatives (as vitamin C-ascorbyl-6-palmitate or magnesium ascorbyl phosphate and vitamin E acetate or succinate ester) are stable but are very minimally metabolized by the skin to the active ascorbic acid and α-tocopherol, so esters have practically no antioxidant activity. Furthermore, the ester molecules of ascorbic acid are not absorbed percutaneously. Vitamin E acetate has been reported to give contact allergy (and even erythema multiforme). In addition, there are 32 isomers of vitamin E, of which only d-α-tocopherol is optimally effective for skin.
VITAMIN C
The body's major aquaphase antioxidant, vitamin C, 3 must be provided exogenously because primates lack the required synthetic enzyme l-glucono-gamma-lactone oxidase. Applied topically, vitamin C (nonesterified (10-15%), pH 3.5) is photoprotective -most effectively when applied before UV-exposure, but still effective when applied after. Transepidermal absorption in pigs delivered 8.2% to the dermal reservoir. Photoprotection was evident with decreased post-UV erythema and sunburn. Histology demonstrated 40-60% fewer "sunburn cells" and markedly decreased DNA damage (8-OHdG and pyrimidine dimers).
Photoprotection is achieved by several mechanisms: As an antioxidant, vitamin C deactivates UV-induced and pollution-induced free radicals. Vitamin C reactivates silenced tumor suppressor genes p21 and p16 to protect against UV-induced apoptosis. Furthermore, vitamin C is directly anti-inflammatory, deactivating the transcription factor nuclear factor kβ so the subsequent cascade of pre-inflammatory cytokines is not initiated. Because vitamin C inhibits the enzyme tyrosinase required for melanin production, unattractive solar lentigos are prevented and even reversed. In addition, topical vitamin C increases the synthesis of specific skin surface lipids to moisturize and enhance the skin's protective barrier. Surprisingly, topical vitamin C significantly increases deposition of the sunscreen nanoparticles (zinc oxide and titanium dioxide) without increasing their permeation. corneum by sebum. Photoprotection by topical application has been demonstrated in animals and humans. Especially application before exposure significantly reduces all acute damaging effects -erythema, edema, sunburn cells, lipid peroxidation, DNA-adduct formation, immune suppression, and UVA-induced binding of photosensitizers. In addition, the chronic damage of wrinkling, pigmentation, and skin cancer are reported diminished (as proven in mice).
VITAMIN C WITH VITAMIN E AND FERULIC ACID
Within cells, vitamins C and E 3 act synergistically: vitamin C in the aqueous cytoplasm regenerates oxidized vitamin E in the membrane, and when vitamin C is oxidized to neutralize free radicals, vitamin E stops the free radical cascade. Topical lascorbic acid (15%) with α-tocopherol (1%) gives doubled protection against UV-induced erythema, sunburn cells, and thiamine dimer formation compared to either vitamin alone. This topical combination experimentally decreased UV-induced tumors in mice 99.5% (K.E. Burke, X. Zhou, and R.M. Nakamura, unpublished data), whereas topical d-α-tocopherol alone inhibited tumorigenesis by only 46%. Newest formulations with vitamins C and E in microsomes or micro-emulsions are equally impressive in protecting against UV-induced sunburn, tanning, and skin cancer.
Recent research has focused on tocotrienols (structurally similar to tocopherols with unsaturated instead of saturated isoforms in the isoprenoid sidechain). 4 Tocotrienols display strong antioxidant, anti-inflammatory, and cancer preventative activities. The unsaturated bonds enhance absorption by cancer cells and induce apoptosis (even in melanoma cells) by mechanisms different from tocopherols.
Ferulic acid (FA) is a potent antioxidant found in plant cell wall membranes to protect from lipid peroxidation. FA also blocks UVB, serving as a weak sunscreen. Addition of 0.5% FA to ascorbic acid (15%) and d-α-tocopherol (1%) not only stabilizes the formulation, but also doubles the photoprotection against solar-simulated UV-irradiation of human skin from fourfold to eightfold, as measured by decreased erythema (Figure 1 ) and sunburn cells and decreases in thymine dimer mutations and p53.
SELENIUM

Selenium
2 (Se) is an essential trace element required by 25 selenoproteins and Se-dependent enzymes functioning in antioxidant defense, reduction of inflammation, thyroid and lipid metabolism, DNA synthesis and transcription, and immunity. Patients with nonmelanoma skin cancers have significantly lower levels of plasma Se than subjects without skin cancer. A 10 + -year prospective study of 1,312 Chinese people given 200 μg daily oral l-selenomethionine (SeMet) demonstrated not only fewer skin cancers but also significant decreases in total cancer incidence and mortality. Oral supplementation markedly decreased acute UVdamage of erythema, sunburn, and tanning.
To attain transepithelial absorption and efficacy, only topical SeMet has been proven effective, decreasing UV-induced erythema, tanning, and sunburn clinically in humans and animal models, and inhibiting time of onset and incidence of tumorigenesis experimentally in mice, optimally with application before UV exposure and continuing thereafter, but also with application only after tumor onset. 5 
REVERSAL OF ENVIRONMENTAL DAMAGE WITH TOPICAL ANTIOXIDANTS
Topical antioxidants not only photoprotect but also reverse environmental damage. Vitamin C is the essential cofactor for the two enzymes required for collagen synthesis and regulates DNA collagen transcription. Elderly fibroblasts (80-95-year-old patients) proliferate more slowly and synthesize less collagen than newborn fibroblasts. Addition of 10% vitamin C to cell cultures promotes elderly fibroblast proliferation ×6 and collagen synthesis doubles: elderly fibroblasts outperform the unsupplemented newborns. 2 Thus, topical vitamin C combats environmental collagen destruction causing wrinkles by inactivating the UV-induced matrix metalloproteinases that degrade collagen and by increasing collagen synthesis.
Reversal of photoaging by topical antioxidants was demonstrated in mice. 2 Exposure to UVB resulted in epidermal hypertrophy with hyperkeratosis, sunburn cells, destruction of dermal collagen and elastin, and dermal inflammation. Topical treatment with tretinoin, d-α-tocopherol or SeMet dramatically improved all parameters of photoaging (Figure 2a) . Topical vitamin E and topical SeMet were even more effective in reversing photoaging than tretinoin (the "gold-standard" of photoaging reversal). Electron microscopy confirmed correction of collagen and elastin and repair of basement membrane anchoring fibrils' disruption, shown after topical SeMet treatment (Figure 2b ). Topical vitamin E gave similar correction. 
